REPORT  DOCUMENTATION  PAGE 

Form  Approved 

0MB  No.  0704-0188 

Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and  maintaining  the 
data  needed,  and  completing  and  reviewing  the  collection  hi  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including  suggestions  for  reducing  this 
burden,  to  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington,  VA  22202-4302,  and  to  the  Office  of  Management  and 
Budaet,  Paperwork  Reduction  Project  10704-0188),  Washington,  DC  20503. 

1 .  AGENCY  USE  ONLY  {Leave  Blank)  2.  REPORT  DATE  3.  REPORT  TYPE  AND  DATES  COVERED 

27  Mar  01  Conference  Proceeding 

4.  TITLE  AND  SUBTITLE 

Marine  Bacteria  and  Localized  corrosion  in  Polymer  Coated  Steel:  Cause  and 

Effect 

5.  FUNDING  NUMBERS 

Contract  No.  N00014-94-1-0026 

6.  AUTHOR(S) 

Brenda  J.  Little,  Richard  1.  Ray,  Patricia  A.  Wagner 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Naval  Research  Laboratory 

Oceanography  Division 

Stennis  Space  Center,  MS  39529-5004 

8.  PERFORMING  ORGANIZATION 

REPORT  NUMBER 

NRL/PP/7333-98-0041 

9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

Office  of  Naval  Research 

800  N.  Quincy  St. 

Arlington,  VA  22217-5660 

10.  SPONSORING/MONITORING 

AGENCY  REPORT  NUMBER 

11.  SUPPLEMENTARY  NOTES 

Corrosion  99 

Paper  No.  183 

12a.  DISTRIBUTION/AVAILABILITY  STATEMENT 

Approved  for  public  release,  distribution  is  unlimited 

12b.  DISTRIBUTION  CODE 

13.  ABSTRACT  (/Wax/mt/m  200  worcte) 

Diagnosis  of  microbiologically  influenced  corrosion  on  iron-containing  substrata  exposed  in  marine  environment  cannot 
be  based  soley  on  spatial  relationships  between  large  accumulations  of  bacterial  cells  and  iron  corrosion  products.  Field 
experiments  were  designed  to  evaluate  the  relationship  between  marine  bacteria  and  localized  corrosion  and  coated  mild 
steel.  In  all  cases,  the  distribution  of  bacteria  was  strongly  influenced  by  the  presence  of  iron  corrosion  products 
independent  of  coating  combinations.  In  the  presence  of  cathodic  protection,  coating  defects  were  filled  with  calcareous 
deposits  and  few  bacterial  cells.  Results  demonstrate  that  bacteria  are  preferentially  attracted  to  iron  corrosion  products  in 
coating  defects  and  that  attraction  is  more  influential  than  topography  in  determining  the  spatial  distribution  of  bacterial 
cells. 

20010808  029 

14.  SUBJECT  TERMS 

cathodic  polarization  marine  bacteria,  seawater,  mild  steel,  polymer  coatings 

15.  NUMBER  OF  PAGES 

8 

16.  PRICE  CODE 

17.  SECURITY  CLASSIFICATION 
OF  REPORT 

Unclassified 

18.  SECURITY  CLASSIFICATION 
OF  THIS  PAGE 

Unclassified 

19.  SECURITY  CLASSIFICATION 
OF  ABSTRACT 

Unclassified 

20.  LIMITATION  OF 
ABSTRACT 

SAR 

NSN  7540-01-280-5500  Standard  Form  298  (Rev.  2-89) 

Prescribed  by  ANSI  Std.  Z39-18 
298-102 


GENERAL  INSTRUCTIONS  FOR  COMPLETING  SF  298 

The  Report  Documentation  Page  (RDP)  is  used  in  announcing  and  cataloging  reports.  It  is  important 
that  this  information  be  consistent  with  the  rest  of  the  report,  particularly  the  cover  and  title  page. 
Instructions  for  filling  in  each  block  of  the  form  follow.  It  is  important  to  stay  within  the  lines  to  meet 
optical  scanning  requirements. 


Block  1 .  Agency  Use  Only  (Leave  blank). 

Block  2.  Report  Date.  Full  publication  date 
including  day,  month,  and  year,  if  available  (e.g. 
1Jan88).  Must  cite  at  least  the  year. 

Block  3.  Type  of  Report  and  Dates  Covered. 
State  whether  report  is  interim,  final,  etc.  If 
applicable,  enter  inclusive  report  dates  (e.g. 
10Jan87  -  30Jun88). 

Block  4.  Title  and  Subtitle.  A  title  is  taken 
from  the  part  of  the  report  that  provides  the  most 
meaningful  and  complete  information.  When  a 
report  is  prepared  in  more  than  one  volume, 
repeat  the  primary  title,  add  volume  number,  and 
include  subtitle  for  the  specific  volume.  On 
classified  documents  enter  the  title  classification 
in  parentheses. 

Block  5.  Funding  Numbers.  To  include  contract 
and  grant  numbers;  may  include  program  element 
number(s),  project  number(s),  task  number(s), 
and  work  unit  number(s).  Use  the  following 
labels; 

C  -  Contract  PR  -  Project 

G  -  Grant  TA  -  Task 

PE  -  Program  WU  -  Work  Unit 

Element  Accession  No. 

Block  6.  Author(s).  Name(s)  of  person(s) 
responsible  for  writing  the  report,  performing  the 
research,  or  credited  with  the  content  of  the 
report.  If  editor  or  compiler,  this  should  follow  the 
name(s). 

Block  7.  Performing  Organization  Name(s)  and 
Address(es).  Self-explanatory. 

Block  8.  Performing  Organization  Report 
Number.  Enter  the  unique  alphanumeric  report 
number(s)  assigned  by  the  organization 
performing  the  report. 

Block  9.  Sponsoring/Monitoring  Agency 
Name(s)  and  Address(es).  Self-explanatory. 

Block  10.  Sponsoring/Monitoring  Agency  Report 
Number.  (If  known) 

Block  1 1 .  Supplementary  Notes.  Enter 
information  not  included  elsewhere  such  as: 
Prepared  in  cooperation  with...;  Trans,  of...;  To 
be  published  in....  When  a  report  is  revised, 
include  a  statement  whether  the  new  report 
supersedes  or  supplements  the  older  report. 


Block  12a.  Distribution/Availability  Statement. 
Denotes  public  availability  or  limitations.  Cite  any 
availability  to  the  public.  Enter  additional 
limitations  or  special  markings  in  all  capitals  (e.g. 
NOFORN,  REL,  ITAR). 

DOD  -  See  DoDD5230.24,  "Distribution 
Statements  on  Technical 
Documents." 

DOE  -  See  authorities. 

NASA-  See  Handbook  NHB  2200.2. 

NTIS  -  Leave  blank. 

Block  12b.  Distribution  Code. 


Leave  blank. 

Enter  DOE  distribution  categories 
from  the  Standard  Distribution  for 
Unclassified  Scientific  and  Technical 
Reports. 

Leave  Blank. 

Leave  Blank. 


NASA- 
NTIS  - 


Block  13.  Abstract.  Include  a  brief  (Maximum 
200  words)  factual  summary  of  the  most 
significant  information  contained  in  the  report. 

Block  14.  Subject  Terms.  Keywords  or  phrases 
identifying  major  subjects  in  the  report. 


Block  15.  Number  of  Pages. 
number  of  pages. 


Enter  the  total 


Block  16.  Price  Code.  Enter  appropriate  price 
code  (NTIS  only). 


Blocks  17-19.  Security  Classifications.  Self- 
explanatory.  Enter  U.S.  Security  Classification  in 
accordance  with  U.S.  Security  Regulations  (i.e., 
UNCLASSIFIED).  If  form  contains  classified 
information,  stamp  classification  on  the  top  and 
bottom  of  the  page. 

Block  20.  Limitation  of  Abstract.  This  block 
must  be  completed  to  assign  a  limitation  to  the 
abstract.  Enter  either  UL  (unlimited)  or  SAR 
(same  as  report).  An  entry  in  this  block  is 
necessary  if  the  abstract  is  to  be  limited.  If 
blank,  the  abstract  is  assumed  to  be  unlimited. 


Standard  Form  298  (Rev.  2-89) 


06/25/99 


13:10 


NRL  CODE  7330  2285865042 


NO. 876 


D01 


fCCHNKAL  lNra«M47rc4^ 


PUBLI'DATION  OR  PRESENTATION  RELEASE 


Ref;  p)  NRL  Instruction  S600.3B 
b)  NRL  Instruction  5510.400 

End:  •  1)  Two  copies  of  subject  paper 
(or  abstract) 


41028251 


I  NRUNSTS600.1 


]  Journal  article 

KConfererwe  proceedings 
Oral  presentation 
1  Meeting 
;  ]  Other 

]  Will  not  result  In  publication 


Route  Sheet  No.t±i. 

Job  Order  No - 

Classification _ 

Sponsor _ 

approval  obtained. 


Author(s]  iName  (First,  Ml.  Last,  Code,  Affiliation  rf  not  NRL) 


Bre  ida  Little,  Code  7333 
Ills  intem.led  toofferthls  paper  to  the _ 


Corrosion  99 


(NAmo  of  Confomnce) 


(Pste,  Pf3ce  andVfsssf^tfOn  of  Contefonoe) 


and/orfoi  publication  In - - - - ; . . — — - 

p/a/ne  and  dassffication  of  Publfcation)  (Name  of  Pubiteher) 

After  prei  entatlon  or  publication,  pertinent  publlcation/presentation  data  will  be  entered  in  the  publications  data  base,  in  accordance 

Itis  the  otiffl  author  that  the  subject  paper  (Is)  (gl^plassified,  in  accordance  with  reference  (b). 

This  papr  k  does  not  violate  any  disclosure  of  trade  secreTSTffsugg^iiqftS^utside  individuals  or  concerns  which  have  been 
communi  :ated  to  the  Laboratory  in  confidence*  This  paper  (does)  (^s  notj^^Dptaln  any  military  critical  technology* 

This  subf  »ct  paper  (has)  (has  never)  been  Incorporated  in  an  offlciSl^RL  Report 


Brenda  J*  Little*  Code  7333 


Namo  and  Code  (Pribcipaf  Mbor) 


(Signature) 


&  iction  Head 


B  fench  Head 


Dl  Vision  Head 
7300 


Class!  fcation  Review 
Scot  : 


Public  Re^  ease  (Unclassiffed/ 

Oniy)Scot 


Offl  )0  of  Counsel 

geedj  i  _ , 

AOOR  Director  NCST  ? 


Di\  ision,  Code 


At  thor,  Code 


NOT  RELEASABLE  UNTIL 
Security  and  Policy  Review 
completed  and  release 
approved  as  per  SECNAViNST 
5720.44A. 


1.  Release  of  this  paper  Is  approved*  | 

2.  To  the  best  knowledge  ofjbisJDi^Ion,  the  subfect 
matter  of  this  paper  (has)  nev^been  ciassifled. 


1.  Paper  or  abstract  was  released, 

2,  A  copy  Is  fifed  in  this  office. 


Paper  No. 

183 


MARINE  BACTERIA  AND  LOCALIZED  CORROSION  ON  POLYMER  COATED  STEEL: 

CAUSE  AND  EFFECT 


Brenda  J.  Little,  Richard  1.  Ray,  and  Patricia  A.  Wagner 
Naval  Research  Laboratory 
Stennis  Space  Center,  MS  39529 

Joanne  Jones-Meehan 
Naval  Research  Laboratory 
Washington,  DC  20375 

C.  C.  Lee  and  Florian  Mansfeld 

Dept,  of  Materials  Science,  University  of  Southern  California,  Los  Angeles,  CA  90089 

ABSTRACT 

Diagnosis  of  microbiologically  influenced  corrosion  on  iron-containing  substrata  exposed  in  marine  environments 
cannot  be  based  solely  on  spatial  relationships  between  large  accumulations  of  bacterial  cells  and  iron  corrosion 
products.  Field  experiments  were  designed  to  evaluate  the  relationship  between  marine  bacteria  and  localized  corrosion 
on  coated  mild  steel.  In  all  cases,  the  distribution  of  bacteria  was  strongly  influenced  by  the  presence  of  iron 
corrosion  products  independent  of  coating  combinations.  In  the  presence  of  cathodic  protection,  coating  defects  were 
filled  with  calcareous  deposits  and  few  bacterial  cells.  Results  demonstrate  that  bacteria  are  preferentially  attracted 
to  iron  corrosion  products  in  coating  defects  and  that  attraction  is  more  influential  than  topography  in  determining 
the  spatial  distribution  of  bacterial  cells. 


KEYWORDS:  cathodic  polarization,  marine  bacteria,  seawater,  mild  steel,  polymer  coatings 

INTRODUCTION 

The  role  that  bacteria  play  in  producing/influencing  anodic  and  cathodic  corrosion  reactions  has  been  documented 
in  the  literature  on  microbiologically  influenced  corrosion  (MIC).  However,  the  impact  of  anodic  and  cathodic 
polarizations  on  deposition  or  settlement  of  bacteria  has  not  been  adequately  addressed.  One  of  the  most  serious 
challenges  in  identification  of  MIC  is  differentiation  between  biological  and  abiological  processes.  Most  MIC 
investigations  determine  spatial  relationships  between  bacteria  and  corrosion  products  using  microscopy  or  microbiological 
diagnostic  kits.  Spatial  relationships  are  then  interpreted  as  causal.  The  reasoning  is  that  because  some  number  of 
microorganisms  traditionally  associated  with  MIC  (i.e.,  sulfate-reducing  bacteria  {SRB},  metal-depositing  or  metal- 
reducing  bacteria)  and  corrosion  products  are  co-located,  the  microorganisms  must  have  caused  the  corrosion. 
Experiments  have  been  designed  to  evaluate  spatial  relationships  between  corrosion  products  and  marine  bacteria. 
Crevices  were  allowed  to  form  on  304  stainless  steel  in  abiotic  seawater  with  accumulations  of  corrosion  products.!^! 
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Marine  bacteria  were  added  to  the  medium  and  allowed  to  remain  in  contact  with  the  corroding  specimen  for  H 
days.  At  the  end  of  the  exposure  period,  microscopy  was  used  to  determine  the  location  of  marine  bacteria.  In  all 
cases,  large  concentrations  of  cells  were  associated  with  abiotically  formed  iron  corrosion  products.  The  organisms 
1  not  cause  the  corrosion,  but  were  co-located  with  the  iron  corrosion  products.  Interpretation  of  spatial  relationships 
on  polymer  coated  materials  is  further  complicated  because  bacteria  preferentially  colonize  surface  inhomogeneities 

including  scratches,  cracks,  and  pinholes.P.3]  These  same  areas  are  the  first  to  exhibit  localized  corrosion  in  abiotic 
artificial  seawater.  ’ 


In  an  attempt  to  determine  the  relative  importance  of  topography  and  iron  corrosion  products  in  the  spatial 
distribution  of  marine  microorganisms,  field  experiments  were  designed  to  evaluate  relationships  between  marine 
bacteria  and  surface  defects  in  a  series  of  polymer  coatings  (Table  1)  on  mild  steel.  The  coatings  differed  in 
composition  of  primer,  midcoat,  topcoat,  and  coating  thickness.  Specimens  were  exposed  with  and  without  zinc 
^  protection.  Environmental  scanning  electron  microscopy/energy  dispersive  x-ray  spectrometry 
(ESEM/EDS)  were  used  to  document  the  presence  of  cells  and  determine  elemental  composition  of  corrosion  products 


MATERIALS  AND  METHODS 


Panels 


Triplicate  cold  rolled  steel  panels  (10.16  cm  x  15.24  cm)  were  coated  with  the  following  combinations-  zinc 
primer  and  epoxy  polyamide  topcoat;  zinc  primer,  epoxy  polyamide  midcoat,  and  polyurethane  topcoat;  phosphate 
primer  and  epoxy  polyamide  topcoat;  phosphate  primer,  epoxy  polyamide  midcoat,  and  polyurethane  topcoat;  ion 
vapor-deposited  (IVD)  aluminum  (Al)  primer  and  epoxy  polyamide  topcoat;  IVD-Al  primer,  epoxy  polyamide  midcoat 
and  polyurethane  topcoat;  and  three  layers  of  epoxy  polyamide  (Table  1).  Panels  were  exposed  with  and  without 
intentional  defects.  Defects  were  introduced  by  drilling  four  0.32-cm-diameter  holes  (two  per  side)  2.54  cm  from 
the  bottom  edge  and  2.o4  cm  from  the  side  edge  (Fig.  1)  through  the  coating  to  the  metal  surface  to  create  a  defined 
holiday  in  the  coating.  Some  panels  with  intentional  defects  were  cathodically  protected  by  attachincr  a  zinc  anode* 
others  were  allowed  to  freely  corrode.  ^  ’ 


Seawater  Exposures 


Panels  were  exposed  for  30  d  to  natural  seawater  at  the  Key  West,  FL,  Naval  Research  Uboratory  Marine 
Corrosion  Facility  and  to  artificial  seawater  in  laboratory  tests.  At  the  end  of  exposure,  panels  from  the  natural 
seawater  exposures  were  shipped  to  the  Naval  Research  Laboratory,  Stennis  Space  Center,  MS  (NRLSSC)  in  closed 
Plexiglas  containers  filled  with  natural  seawater.  Containers  were  constructed  with  slots  so  that  multiple  panels 
were  secured  in  the  orientation  in  which  they  had  been  exposed  to  prevent  disruption  of  surface  layers.  Plexiglas® 
containers  were  shipped  by  overnight  courier  in  insulated  cartons  with  ice  packs  to  slow  biological  activity. 

Photodocumentation 


Upon  arrival  at  NRLSSC,  wet  panels  were  photographed  and  examined  with  a  Wild  Heerbruc^g  MS  zoom  stereo 
microscope.  Areas  of  interest,  including  bubbles,  holidays,  delamination,  blisters,  corrosion,” stains,  etc.,  were 
photographed  with  a  Polaroid  MicroCam  attachment  using  Polaroid  type  339  color  print  film.  Panels  from  the 
natural  seawater  exposures  were  transferred  to  separate  containers  of  4%  glutaraldehyde  in  0.45  pm  filtered  natural 
seawater  as  appropriate  and  refrigerated  overnight.  Mild  steel  panels  from  laboratory  exposures  were  also  transferred 
o  a  separate  container  of  4%  glutaraldehyde  in  artificial  seawater  and  refrigerated  overnight.  Prior  to  microscopic 
examination,  each  panel  was  removed  from  the  glutaraldehyde  fixative  in  seawater  and  gently  rinsed  in  distilled 


After  photography  and  prior  to  ESEM  examination,  areas  of  interest  were  carefully  cut  from  wet  panels 
Smaller  wet  sections  were  transferred  to  a  refrigerated  Peltier  cooling  device  maintained  at  4'C  and  imaged  in  a 

water  vapor  environment  at  4-5  torr  in  a  partially  hydrated  state.  ESEM  operating  parameters  have  been  described 
elsewhere.  UJ 
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RESULTS 


Seawater  Exposures 

Metallic  zinc  and  IVD-Al  primers  (coatings  A,  B,  E,  and  F)  provided  cathodic  protection  for  coatings  without 
intentional  defects.  After  30  days,  these  coatings  were  discolored  due  to  the  presence  of  microalgae  and  macrofouling, 
but  there  was  no  localized  corrosion.  In  the  absence  of  intentional  defects,  localized  corrosion  was  prominent  on 
surfaces  with  phosphate  primer  and  the  all-epoxy  polyamide  coatings  (coatings  C,  D,  and  G).  In  all  cases,  delamination 
was  accompanied  by  localized  corrosion  and  accumulations  of  bacteria  (Fig.  2).  In  the  presence  of  cathodic  protection 
by  an  external  zinc  anode,  intentional  defects  were  filled  with  calcareous  deposits  (see  for  example  Fig.  3a-c).  The 
EDS  spectrum  of  the  calcareous  deposits  indicates  the  presence  of  zinc  and  phosphate  from  the  primer  in  addition 
to  calcium.  There  were  no  indications  of  corrosion  and  the  numbers  of  individual  bacterial  cells  within  the  defects 
were  similar  to  the  numbers  of  cells  on  the  intact  coating.  There  were  no  accumulations  of  bacteria  within  any  of 
the  defects  protected  by  an  external  anode. 

Coating  composition  influenced  corrosion  behavior  and  location  of  bacteria  in  defects  without  cathodic  protection 
from  zinc  anodes.  Defects  in  the  coatings  with  zinc  primer  were,  in  all  cases,  filled  with  calcareous  deposits  and 
no  corrosion  products  or  accumulations  of  bacteria  were  observed.  While  the  zinc  primer  on  steel  provided  cathodic 
protection  to  exposed  steel  in  defects,  the  same  effect  was  not  consistently  observed  for  samples  with  IVD-Al 
primer.  One  of  the  four  panels  with  IVD-Al  primer  had  no  indication  of  corrosion  products  in  any  of  the  defects, 
while  all  others  were  filled  with  corrosion  products.  When  corrosion  was  present,  there  were  accumulations  of 
bacterial  cells. 

In  the  absence  of  cathodic  protection  provided  by  an  external  anode  or  the  primer,  most  defects  in  the  other 
coatings  were  filled  with  voluminous  corrosion  products  (Fig.  4a-c)  and  large  accumulations  of  bacteria  (Fig.  5a-c). 
ESEM  images  were  collected  from  the  center  of  the  corroding  defect.  Large  accumulations  of  bacteria  could  only 
be  located  in  association  with  corrosion  products.  Even  though  the  specimens  were  exposed  to  the  same  body  of 
seawater,  there  were  morphological  differences  among  the  bacteria  within  defects  of  various  coatings. 


DISCUSSION 

For  the  following  discussion,  the  term  “coating”  will  be  used  to  refer  to  combinations  of  layers  —  primer, 
midcoat,  and  topcoat.  Individual  layers  will  be  referred  to  as  “coats.”  Coatings  and  cathodic  protection  are  both 
engineering  techniques  with  the  primary  purpose  of  mitigating  or  preventing  corrosion.  Cathodic  protection  reduces 
corrosion  rates  by  shifting  the  potential  of  the  corroding  material  to  values  where  the  rate  of  anodic  metal  dissolution 
is  reduced.  Coatings  can  be  used  in  combination  with  cathodic  protection.  Cathodic  potentials  promote  formation  of 
hydroxyl  ions  on  cathodic  areas  that  forces  a  shift  in  the  equilibria  of  chemical  reactions  involving  calcium,  magnesium, 
and  bicarbonate  ions  so  that  calcium  carbonate  and  magnesium  hydroxide  are  formed  in  coating  breaches. 

Primer  is  the  base  coat  on  which  the  rest  of  the  coating  system  is  applied.  Metallic  aluminum  and  zinc  can  be 
used  as  primers  to  provide  corrosion  resistance.  The  inorganic  matrix  of  the  primer  is  conductive  and  allows 
aluminum  or  zinc  to  go  into  solution  in  a  controlled  manner,  making  either  anodic  to  the  steel  and,  thus,  able  to 
protect  breaks  in  the  coating.  Eventually  holidays,  pinholes,  scratches,  or  scars  heal  by  the  formation  of  reaction 
products,  such  as  zinc  hydroxide  or  calcium  carbonate.  Intermediate  or  mid-coats  provide  additional  thickness  that 
acts  as  a  barrier  from  the  environment,  increased  coating  electrical  resistance,  as  well  as  bonding  between  topcoat 
and  primer.  Topcoats  provide  resistant  seals  for  the  coating,  an  initial  barrier  to  the  environment,  and  a  pleasing 
appearance. 

In  the  marine  exposures,  rust  layers  were  accompanied  by  large  concentrations  of  marine  bacteria  irrespective 
of  coating  composition.  There  were  no  indications  of  corrosion  within  coating  defects  that  had  zinc  primer  with  or 
without  external  anodes.  In  the  absence  of  an  anode,  defects  on  samples  A  and  B  were  filled  with  crystalline  material 
(Fig.  3a-c)  that  was  predominantly  calcium.  In  the  presence  of  an  attached  sacrificial  zinc  anode,  defects  in  all 
coatings  were  filled  with  crystalline  material  that  was  predominantly  calcium  at  all  locations.  Relative  amounts  of 
zinc  and  calcium  varied.  Furthermore,  large  concentrations  of  bacteria  could  not  be  detected  within  defect  areas 
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protected  by  either  zinc  as  primer  or  as  sacrificial  anode.  In  all  other  cases,  defects  were  mounded  with  bright 
reddish-orange  corrosion  products  (Fig.  4)  and  large  concentrations  of  marine  bacteria  (Fig.  5).  Tightly  coiled  helical 

hf...  investigators  have  observed  the  co-location  of  bacteria  and  anodic  processes.  Franklin  et  al  detected 

bacterial  cells  associated  with  anodic  regions  of  carbon  steel  using  scanning  vibraLg  electrode  microscopy 
were  cautious  not  to  interpret  their  data  to  indicate  that  the  cells  caused  the  anodic  sites.  They  did  observfthat  once 
bacteria  were  associated  with  anodic  regions,  those  areas  remained  anodic  for  the  duration  of  the  experiments 
oleanlsl  ll  transient.  Similar  observations  of  spatial  relationships  between 

ofT3n  r  ^  DeSanchez  and  Schiffrin  demonstrated  chemotaxis 

of  z  imnne  Pseudomonas  sp.  induced  by  transition  metal  ion  concentration  gradients  from  corroding  copper  and 

Itanium  surfaces.!  1  Loeb  and  Neihof  used  microelectrophores  to  demonstrate  that  particles  in  the  marine  environment 
including  bacteria,  are  negatively  charged  and  attracted  to  positive  charge.tli]  ’ 

In  our  experiments  cathodic  protection  did  not  influence  the  concentration  of  bacteria  within  intentional  defects 

orrrdVuT'TlS  tT  ^  --ne  fouling  and  calcareous  deposits  on  cat  od  caty 

S  fficub  I  ;  'TTr  between  bacteria  and  cathodic  protection  is  confusing  and 

difficult  to  compare  because  of  differing  experimental  conditions  (laboratory  vs.  field)  and  differing  techniques  to 
eva  uate  the  constituents  within  the  biofilm.  It  has  been  reported  that  cathodic  protection  retards  microbial  setUement 

V  rCu/Cu^O  ff  demonstrated  that  a  potential  more  negative  than  -0.95 

V  (CU/CUSO4)  was  effective  in  decreasing  bacterial  content  on  titanium  in  seawater  by  1  to  2  orders  of  magnitude 

developed  techniques  for  measuring  currents  sustained  by  bacteria  that 
Ihi  H  Th  ‘o  ‘encourage  biofilm  formation.”[i5]  Nekoksa  and  Guthermanti^]  and  GuezennecflSJ 

[19]  H  cathodically  protected  metals  than  on  unpolarized  ones.  Gomez  de 

LTdTc  J/J  j  demonstrated  that  cathodic  polarization  in  a  seawater  medium  increased  numbers  of  SRB 

and  decreased  numbers  of  aerobic  bacteria  on  carbon  steel  surfaces  relative  to  unpolarized  controls.  They  hypothesized 
that  preferential  increases  or  decreases  in  cell  types  were  due  to  differences  in  cell  isoelectric  points.  ^ 

SUMMARY  AND  CONCLUSIONS 

The  distribution  of  bacteria  on  coated  mild  steel  with  defined  defects  was  strongly  influenced  by  the  presence 
L  'locaSr°"T  ^"dependent  of  coating  composition.  In  natural  marine  exposures,  bacteria  were  conLtently 

rXiTd  iron  oxide  corrosion  products.  The  nature  of  the  attraction  has  not  been  identified,  but  may  bl 

defects  ^^ere  filled  with  calcareous  deposits  and  contained  only  isolated  bacterial  cells,  similar  to  areas  of  intaci 
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Table  1  —  Composition  and  Thickness  of  Coating  Systems  on  Cold  Rolled  Steel. 


Coating 

A 

B 

C 

D 

E 

F 

G 

Primer 

Zinc^ 

Zinc® 

Phosphate^ 

Phosphate^ 

IVD-Al® 

IVD-Al* 

Epoxy^ 

Midcoat 

Epoxy** 

Epoxy** 

Epoxy*^ 

Epoxy^ 

Topcoat 

Epoxy*’ 

Polyurethane'* 

Epoxy*^ 

Polyurthane'* 

Epoxy** 

Polyurethane® 

Epoxy^ 

Avg.  Thickness 
(pm) 

_ 

53 

f-r 

83 

43 

76 

81 

81 

81 

2  coaK  of  epoxy  polyamide  MIL-P.233377  Rev.  G  (Type  I,  Oass  Q  per  MIL-F-18264  REV  D  AMD  1 

f  A«P  AMD.1.(AR)2  polyurerhan'  per  Mn..F.18264REV  D  ^D  1 

color  #36375  lusterless  grey  of  FED-STD-595 

toufar375-F  ->-ved  for  8  minimoro 

«Ion  vapor  deposited-aluminum  per  MIL-C-83488-C  (Notice  1,  Type  II  Class  11 

fl  coat  of  MIL-P-24441/2  REV.  B  epoxy  polyamide. 


FIGURE  1  —  Schematic  of  panel  with  intentional  defects. 
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FIGURE  2  —  (a)  Localized  corrosion  on  panel  coated  with  phosphate  primer  and  epoxy  polyamide 
topcoat  (coating  C)  and  (b)  bacteria  associated  with  corrosion  products. 


FIGURE  3  —  Zinc  primer,  epoxy  polyamide 
midcoat,  and  polyurethane  topcoat  (coating  B): 
(a)  calcareous  deposits  in  defect,  (b)  ESEM 
micrograph  of  calcareous  deposits,  and  (c)  EDS 
spectrum  of  deposits. 


FIGURE  4  —  Corrosion  products  in  coating 
defects,  (a)  phosphate  primer,  epoxy  polyamide 
topcoat  (coating  C),  (b)  phosphate  primer,  epoxy 
polyamide  midcoat,  polyurethane  topcoat  (coating 
D),  and  (c)  three  layers  of  epoxy  polyamide 
(coating  G). 


FIGURE  5  —  Bacteria  associated  with  corrosion 
products,  (a)  phosphate  primer,  epoxy  polyamide 
topcoat  (coating  C),  (b)  phosphate  primer,  epoxy 
polyamide  midcoat,  polyurethane  topcoat 
(coating  D),  and  (c)  three  layers  of  epoxy 
polyamide  (coating  G). 


